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Abstract

Role of the Porphyromonas gingivalis ECF Sigma Factor, SigH, in oxidative stress
response

By Sara Sarrafee, MS
A thesis submitted in partial fulfillment of the requirements for the degree of Masters of
Science in Biochemistry at Virginia Commonwealth University.

Virginia Commonwealth University, 2009

Major Director: Dr. Janina P. Lewis, PhD., Associate Professor
The Phillips Institute of Oral and Craniofacial Molecular Biology
Virginia Commonwealth University

Periodontal disease affects a majority of the US population. Porphyromonas
gingivalis is the major etiological agent for development and progression of the disease. P.
gingivalis is a hemin-dependent, obligate anaerobe that is found predominantly in
periodontal pockets in infected patients. So for, little is known regarding the mechanisms
which allow P. gingivalis to survive and sustain itself in the oral cavity. To better
understand the adaptive mechanisms of the bacterium to the varying conditions in the oral
cavity, regulatory mechanisms must be characterized. Sigma factors (σ) are responsible for
initiating transcription by guiding RNA polymerase binding to specific DNA promoter
ix

sites. There are several sigma factors present in P. gingivalis, yet their roles have to be
identified. Previous unpublished data indicate that a gene coding for an extracytoplasmic
function sigma factor (ECF), SigH, is differentially regulated by exposure to molecular
oxygen. Different assays were conducted to assess any variation in survival and/or growth
between wild-type and SigH deficient strains of P. gingivalis. The ability to grow and
survive in the presence of oxidative stress was compared between the mutant deficient in
SigH and that of the parental strain. In addition, transcriptional profiles of the two strains
were compared. Our assays indicate that growth was slower in the presence of oxygen in
the Sigh-deficient mutant with an average difference of 27% compared to the wild-type.
Transcriptional profiling showed down-regulation of genes encoding key enzymes
associated with oxidative stress protection and oxidative metabolism in the absence of
SigH, indicating that the sigma factor is a positive regulator of transcription required for
survival of the bacterium in the presence of oxygen. If oxygen sensitivity can be
established for this ECF-σ factor, it will aid in better understanding of P. gingivalis’ ability
to survive in the oral cavity despite the presence of oxygen.

x

INTRODUCTION
A. Periodontal Disease
I. Initiation
Periodontal disease ranges from mild and reversible gingival inflammation to chronic
disintegration of periodontal tissue. Mild forms of periodontal disease, such as gingivitis,
can be reversed by proper dental hygiene. Periodontitis is a more severe form, which if
left untreated will lead to bone resorption and tissue loss surrounding the teeth. Chronic
periodontitis is the most prevalent form of periodontal affecting between 13-57% of the
world population (Rylev and Kilian 346-61). Severe periodontitis affects 20% of the
United States population alone (Jandik et al. 524-30).
If proper dental hygiene is neglected, plaque accumulates around the enamel of the
teeth. As indicated in population studies by Löe et al., this plaque is an amalgam of
bacteria residing in the oral cavity (Loe, Theilade, and Jensen 177-87;Rosan and Lamont
1599-607). More than 700 bacterial species were found in a study by Rylev et al., ranging
from commensal to potentially virulent organisms; and many that have yet to be cultured
(Rylev and Kilian 346-61). A disease state is likely initiated once the ecological balance
between the bacteria and host factors is disturbed. Furthermore, the pathogens involved
must invade and hijack host cells in order for the disease to progress (Lamont et al. 36467). These pathogens have had ample time to adapt to the host and environment allowing
them to multiply seemingly undetected. Electron, fluorescent and confocal scanning laser
microscopy techniques have detected virulent bacteria within epithelial and dendritic
cells in tissues from patients with advanced periodontitis (Lamont and Yilmaz 61-69).
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This finding confirms a possible mechanism of infection by oral pathogens: intracellular
invasion of host cells (Dorn et al. 139-44).
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Figure 1. Adapted from Lamont et al. 1998 and
http://www.enchantedlearning.com/subjects/anatomy/teeth/tooth_bw.GIF.
Pathogens involved in the progression of periodontitis shed from biofilm aggregated on
tooth enamel and proceed to invade host cells.
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II. Progression and Survival
Bacterial candidates suspected in playing a role in periodontal diseases must have
certain characteristics in order to be infectious. Once invasion has occurred, a successful
pathogen must coexist with hundreds of other bacteria and survive environmental
vicissitudes present in the oral cavity (Lamont and Jenkinson 1244-63). In addition to the
machinery needed to invade and survive, pathogens must also evade a host immune
response. Thus, of the hundreds of pathogens present in the oral cavity, these selective
factors can help narrow down potential suspects.
Dr. Ashimoto et al. conducted a 16S rRNA polymerase chain reaction (PCR) to detect
the presence of certain bacteria in patients with mild to severe forms of periodontal
diseases. He collected gingival specimens from a 150 patients and divided them into three
groups: pediatric gingivitis, adult gingivitis, and advanced periodontitis patients
(Ashimoto et al. 266-73). The prevalence of the following bacteria was detected:
Actinobacillus actinomycetemcomitans, Bacteriodes forsythus, Campylobacter rectus,
Eikenella corrodens, Porphyromonas gingivalis, Prevotella intermedia, Prevotella
nigrescens and Treponema denticola. The four bacteria present in the highest amounts in
advanced periodontitis patients were B. forsythus, E. corrodens, C. rectus and P.
gingivalis respectively (Ashimoto et al. 266-73). Among these species, P. gingivalis is
believed to be a primary culprit (Socransky and Haffajee 322-31). P. gingivalis
involvement in periodontitis has been confirmed by many other publications as well
(Lamont and Jenkinson 341-49;Williams and Offenbacher 9-12;The pathogenesis of
periodontal diseases 457-70;Ramseier et al. 436-46;Dorn et al. 139-44). It possesses a
remarkable array of virulence factors (Lamont and Yilmaz 61-69); including immune
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response suppressors, proteolytic enzymes that degrade host tissues and adherence factors
that promote bacterial survival (Jandik et al. 524-30).
B. Porphyromonas gingivalis
I. P. gingivalis Mobility
Porphyromonas gingivalis is a gram-negative, obligate anaerobe. This bacterium
stores iron on the cell surface which is necessary for survival and growth. In early stages
of infection, P. gingivalis resides in gingival crevices, and with the progression of disease
invades into a periodontal pocket (Kornman and Loe 83-97). Along the way, it is able to
regulate the expression and suppression of specific genes required to enhance its survival
(Yilmaz et al. 703-10).
P. gingivalis adhesion to enamel rarely occurs independently. It is a non-motile
bacterium, thus it depends on environmental factors to spread. Specialized adhesins allow
it to target epithelial cells, erythrocytes, host proteins and other oral bacteria (Lamont and
Jenkinson 341-49). Pellicles of salivary molecules attached on the tooth surface absorb
bacteria and aid in adhesion (Lamont and Jenkinson 341-49). Saliva components such as
proline-rich proteins and statherin serve as receptors for P. gingivalis allowing it to bind
to solid surfaces (Lamont and Jenkinson 341-49). Salivary molecules also facilitate
bacterial mobility by transporting it to different locations within the oral cavity or areas
of the host body. However, not all of the components of saliva promote P. gingvalis
survival. Adhesion or interaction with salivary histatins, cystatins, lactoferrin, mucin
glycoprotein MG2 and fibronectin inhibits bacterial growth and co-adhesion with other
bacteria, as well as promoting apoptosis of infected cells (Lamont and Jenkinson 34149;Mao et al. 1997-2007).
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II. Predicted Mechanisms of Invasion
P. gingivalis is able to invade gingival epithelial cells within twenty minutes of
interaction (Yilmaz et al. 2417-26). FimA, a critical gene studied in P. gingivalis, plays a
significant role in adhesion to host epithelial cells (Xie, Kozlova, and Lamont 651-58;Xie
et al. 6574-79). FimA codes for bacterial fimbriae and its expression is sensitive to
environmental cues. This regulation is indicative of its role in invasion and progression of
disease. Pre-infection, P. ginigvalis expression of fimbriae is documented at high levels;
optimizing bacterial adhesion to tooth surfaces (Lamont and Jenkinson 341-49;Yilmaz et
al. 2417-26). Hemin concentrations also effect fimA expression, in that when there are
low levels of nutrients available fimbrial expression is decreased. By preventing bacterial
adhesion and thus, mobility, subgingival locations with inadequate levels of nutrients are
avoided. Once the bacteria has replicated, invaded and degraded host tissue, fimA
expression is reduced, potentially to avoid any host immune response (Yilmaz et al.
2417-26). One proposed mechanism of P. gingivalis invasion is its fimbrial interaction
with gingival epithelial cell β1 integrin receptors (Lamont and Yilmaz 61-69). This
interaction leads to the engulfment of bacterial cells. The mechanism of bacterial uptake
is still unclear; however, there is evidence of strong cytoskeletal rearrangement. It is clear
that focal adhesion kinase (FAK) and paxillin are phosphorylated upon invasion,
influencing actin and microtubule dynamics (Yilmaz et al. 2417-26). This cytoskeletal
redistribution forces the cell to engulf more bacteria present near the cell membrane
(Yilmaz et al. 2417-26;Kinane et al. 966-84).
In fimA knock out strains, P. gingivalis invasion was significantly decreased, yet
surprisingly not completely inhibited (Yilmaz et al. 2417-26). The fact that a minority of
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fimA knockout bacteria were still able to enter the cell is an indication there are
alternative modes of invasion. P. gingivalis secretes novel proteins when in close
proximity with epithelial cells (Lamont and Jenkinson 1244-63). Although the
mechanism is unclear, it is hypothesized that these novel proteins induce bacterial uptake
by host cells.
III. Post-Invasion of Epithelial Cells
Once inside the cell, P. gingivalis is believed to replicate in the perinuclear area and
secrete novel proteins as well as regulate endogenous ones (Lamont and Yilmaz 61-69).
Invasion induces the release of Ca2+ ions from intracellular stores and de/phosphorylation
of MAP-kinase family proteins; consequently down-regulating interleukin-8 (IL-8)
secretion and apoptosis-related proteins (Lamont and Yilmaz 61-69;Guo et al. 652-55).
IL-8 is stored in epithelial cells and targets neutrophil, grandulocytes, endothelial cells,
macrophages, mast cells and keratinocytes (Clermont et al. 38-43;Lamont et al. 3878-85).
IL-8 induces chemotaxis and is a key player in the innate immune response, recruiting
appropriate cells to inflamed and infected sites (Semik-Orzech, Barczyk, and Pierzchala
163-68). Thus, P. gingivalis down-regulation of IL-8 is a significant handicap for the
innate immune response allowing the infection to progress.
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Figure 2. Adapted from Lamont et al. (In and out: the invasiveness of oral bacteria
2000.) Illustration of potential pathways by which P. gingivalis is able to invade and
regulate gene expression to enhance survival
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IV. Hemin
P. gingivalis has the ability to store iron on the cell surface, giving bacterial
culture grown on blood agar its characteristic black pigmentation. In vivo, host iron is
mainly sequestered by iron-binding proteins thus reducing iron availability (Lamont and
Jenkinson 1244-63). This sequestration is mandatory given the ability of free iron to form
a hydroxyl radical, resulting in damage to cellular constituents (Ratnayake et al. 111927). P. gingivalis sources of iron come most efficiently in the form of heme, hemoglobin
and/or transferrin (Ratnayake et al. 1119-27). Although binding to hemoglobin has been
characterized, P. gingivalis mechanism of iron storage and sequestration are still unclear.
HumYRSTUV iron-suppressed operon is one mechanism of hemin transport and uptake
identified (Lewis et al. 3367-82). Also, a ferritin-like protein, encoded by the gene ftn, is
believed to be one possible heme-storage protein (Ratnayake et al. 1119-27). There is
evidence of multiple hemin-binding proteins: LPS, PrtT and IrgA; yet the mechanism of
action for these proteins is still vague (Lamont and Jenkinson 1244-63).

V. Oxygen
Although P. gingivalis is an anaerobic bacterium, it is still able to survive, albeit
briefly, in the presence of atmospheric oxygen. However, it attempts to reduce oxygen
exposure when in the oral cavity, and its avoidance is the primary reason the bacteria is
found in periodontal pockets. The presence of oxygen, like free iron, induces the onset of
reactive oxygen species (ROS). One contender for oxygen regulation is the cytosolic
enzyme, superoxide dismutase. Superoxide dismutase (SOD) is specific to aerotolerance
and acts as a molecular oxygen scavenger (Lynch and Kuramitsu 3367-75;Kikuchi et al.
841-53). SOD converts superoxide (O2-) into hydrogen peroxide (H2O2), protecting
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bacterial components from oxidative damage (Meuric et al. 308-14). SOD requires Fe as
a cofactor, and is also functionally similar to many enzymes present in many bacteria
(Lynch and Kuramitsu 3367-75). Along the same lines, the DNA-binding stress protein
(Dps) physically associates with DNA preventing interaction with toxic ROS (Meuric et
al. 308-14). It is also able to neutralized ROS in a chemically similar manner to SOD
(Meuric et al. 308-14). Similar to iron, there is an alkyl hydroperoxide reductase ahpC-F
operon and thiol peroxidase enzyme, tpx, which also protect the cell from oxidative
damage (Meuric et al. 308-14;Kikuchi et al. 841-53).

VI. P. gingivalis Gene Regulation and Survival
The diversity of cells, both fimA competent and knock out strains are able to
invade,s highlights P. gingivalis versatility in infecting its host. This versatility also
requires it to adapt and survive in diverse conditions. Host eating patterns, hygiene and
subgingival temperatures contribute to differing conditions in the oral cavity. P.
gingivalis regulation of the fimA gene is most likely one of many genes regulated by
environmental cues. Hemin/iron and oxygen levels determine bacterial survival and thus
must also be regulated based on need.
The fluctuation of iron/hemin and oxygen concentrations requires efficient
regulation of the aforementioned genes. One mechanism present in most bacteria that
effectively alters gene expression is the presence of alternative sigma factors.
C. Sigma Factors
I. Overall Significance
mRNA transcription is regulated by a highly efficient system, the DNA-dependent
RNA polymerase (RNAP). The RNAP complex has a conserved function and a
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fundamental structure across species (Murakami and Darst 31-39). In order for
transcription to initiate, RNAP is guided to a promoter-specific sequence by sigma (σ)
factors. The σ factors bind to the core RNAP forming a holoenzyme. The molecular
structure is similar to a lobster or crab claw (Murakami and Darst 31-39). The σ factors
subunits direct the RNAP to a site-specific promoter-binding sequence, DNA is melted
and transcription is initiated (Murakami et al. 1285-90;Kikuchi et al. 841-53;Losick and
Pero 582-84). Following initiation, the RNAP proceeds to elongate and the σ factor is
released (See figure 5). Kinetics and affinity determine the stabilization/destabilization of
the interactions ultimately binding and releasing the sigma factors (Murakami and Darst
31-39).
The σ subunits each play a different role in DNA and RNAP binding, release and
transcription initiation. The σ1.1 is a region that does not have a conserved sequence but
acidity of the amino acid residues is preserved (Murakami and Darst 31-39) (see figure
4). One major function of the σ1.1 subunit is self-inhibition, preventing any unwanted
promoter recognition for free floating σ factors (Murakami and Darst 31-39). This
inhibition is deactivated when the σ factor binds to the core region of RNAP (Murakami
and Darst 31-39). In region σ2, specifically segments σ2.4 and σ2.3, the -10 element is
recognized and the double stranded DNA is unwound by binding to the non-template
single strand (Murakami and Darst 31-39). The third conserved region of the σ factor,
region σ3, is comprised of three alpha helices (Murakami and Darst 31-39). Region σ3
also recognizes extended -10 element, this interaction is believed to stabilize the
holoenzyme open complex and promote initiation (Murakami and Darst 31-39). Mutation
of this region results in poor transcriptional activity (Murakami and Darst 31-39). The
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fourth conserved region of the σ factor is domain σ4, comprised of hydrophobic amino
acid residues. This region binds to a β-1 flap of the RNAP (see figure 3) as well as -35
element of DNA. The two interactions alter the upstream DNA route, bringing it in closer
proximity to RNAP (Murakami and Darst 31-39).
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Figure 3. Adapted from Katsuhiko et al. Bacterial RNA polymerases: the whole story.
Schematic representation of Sigma Factors and RNAP subunits interaction with DNA.
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Figure 4. Adapted from Katsuhiko et al. Bacterial RNA polymerases: the whole story.
Sigma factor domains conserved and their predicted functions.
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Figure 5. Adapted from http://www.steve.gb.com/science/transcription.html.
Schematic representation of RNA polymerase and sigma factor initiation of DNA
transcription.
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II. Regulation
Sigma factors allow bacteria to effectively respond to the vicissitudes of their
environment. Although σ factors are regulators of gene transcription, their responses to
environmental cues occur indirectly. The presence of anti-σ factors, complexes that bind
and inhibit σ factor interaction with RNAP, and anti-anti-σ factors creates an intricate
signaling pathway (Campbell, Westblade, and Darst 121-27;Hughes and Mathee 231-86).
Thus far, it appears the main mechanism of action for anti-σ factors is altering the
orientation of RNAP binding sites, preventing any interaction, consequently terminating
specific gene transcription (Campbell, Westblade, and Darst 121-27).
An essential σ factor is one that transcribes genes required for everyday cell viability,
while alternative σ factors transcribe genes in response to environmental stimuli, such as
stress responses or developmental changes (Helmann 47-110;Campbell, Westblade, and
Darst 121-27). One specific alternative σ factor is σ70, the extracytoplasmic function
sigma factor (ECF-σ) (Potvin, Sanschagrin, and Levesque 38-55). The anti-σ factor for
σ70 is believed to be a transmembrane protein (cell membrane), which if stimulated by an
environmental cue releases the σ70 (Hughes and Mathee 231-86;Helmann 47-110).

III. P. gingivalis: The sigH gene
The sigH gene, Oralgen gene ID: PG1595, is believed to encode an
extracytoplasmic function sigma factor (σ70). The environmental cues that regulate its
release are currently under investigation. Preliminary studies indicate there is a
significant up-regulation of expression of this gene in the presence of molecular oxygen
when compared to bacteria grown in anaerobic conditions (Dr. Lewis, unpublished),
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suggesting that it plays a role in growth of the bacterium when exposed to oxygen. This
up-regulation is paralleled with an increase in expression of genes encoding key P.
gingivalis enzymes known to respond to elevated oxygen levels; specifically superoxide
dismutase, thiol peroxidase, ferritin and thioredoxin. Please refer to the section “P.
gingivalis Gene Regulation and Survival” for details on the above enzymes.

D. Research Objectives
The aim of this research was to establish if SigH is a sigma factor that regulates gene
expression in response to oxygen exposure. Furthermore, we examined the biological
significance of SigH by comparing the ability of the SigH-deficient mutant strain to that
of the parental strain with respect to its growth in the presence of oxygen as well as
adherence and invasion of oral epithelial cells.
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MATERIALS AND METHODS

A. Bacterial Strains and Plasmids

The bacterial strains and plasmids used in this study are listed in Table 1.
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Table 1 Strains and plasmids used in this study.

P. gingivalis

Strain

Plasmid

W83

Parental Strain

Lewis and
Macrina 1999

V2948

PG1595 (SigH)
deficient
mutant

Lewis et al.
(unpublished)

Chemically
competent cells

Invitrogen
(Catalog
Number:
C404003)

®

E. coli

One Shot Top
10 cells

V2198

Human

Plasmids

pVA2198

Description

Carries 2-kb
ermF-ermAM
cassette
between KpnI
and BamHI

Reference

Fletcher and
Macrina 1995

Human SCC
Miyazaki, Patel
cells derived
et al. 2006
from the tongue

HN4

pCR®2.1

34

PCR TA
cloning vector

Invitrogen

B. Media and Growth Conditions
I. Porphyromonas gingivalis W83
P. gingivalis was grown in brain heart infusion (BHI) broth (Difco Laboratories,
Detroit, MI) with the addition of hemin (5 µg/ml; Sigma, St. Louis, MO), vitamin K3 (0.5
µg/ml; Sigma, St. Louis, MO), yeast extract (5 mg/ml) and cysteine (1%). Agar (2%) was
added to prepare solid medium. Cultures were prepared in an anaerobic environment
composed of 10% H2, 10% CO2 and 80% N2 at 37°C. Blood agar plates (TSA II, 5%
sheep blood; BBL, Cockeysville, MD) were used for maintenance of the bacterial strains.
Clindamycin (0.5 µg/ml), erythromycin (300 µg/ml), and carbenicillin (50 µg/ml) were
used as required for selection and maintenance of strains.
For growth studies, P. gingivalis was grown in two different atmosphere conditions.
In the first condition, W83 wild-type strain and mutant strains were grown in the
conditions described above. The atmospheric condition of the second environment is as
follows: 7.2% H2, 7.2% CO2, 79.7% N2, and 6% O2.
II. Escherichia coli
E. coli was grown at 37°C in Luria-Bertani (LB) medium (Invitrogen; Catalog
Number: 12780-029) or on LB agar. Erythromycin (300 µg/ml) and kanamycin (25
µg/ml) were used as required for selection and maintenance of strains.
III. HN4 Cells
HN4 cell line was grown at 37°C in GIBCO® Dulbecco’s Modified Eagle Medium
(DMEM) (Invitrogen; Carlsbad, CA) with 10% heat-inactivated fetal bovine serum
(FBS), penicillin 100 U/mL, streptomycin 100 µg/mL, 2.5 µg/mL fungizone, 10mM
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HEPES buffer, 1mM sodium pyruvate, and 2mM L-glutamine. The atmospheric
conditions for the HN4 cell line was 90% air and 10% CO2.
For invasion and adherence assay, HN4 cells were grown in DMEM with 10% heatinactivated fetal bovine serum (FBS), 2.5 µg/mL fungizone, 10mM HEPES buffer, 1mM
sodium pyruvate, and 2mM L-glutamine.
C. Porphyromonas gingivalis Cell Culture Preparation
P. gingivalis strain W83 (Table 1) was spread on TSA II blood agar plates and grown
anaerobically at 37°C. PG1595, SigH, deficient strain, V2948 (Table 1), was spread on
TSA II blood agar plates treated with clindamycin (0.5 µg/ml) and allowed to grow
anaerobically at 37°C. The colonies appeared within 3-7 days after preparation. Colonies
were then inoculated in BHI medium and allowed to grow anaerobically at 37°C to
preferred optical density at wavelength 660 nm. This method was used for the preparation
of bacterial cells, for RNA isolation, to challenge HN4 cells and growth studies.
D. Target Gene Isolation and Amplification
P. gingivalis genomic DNA was used along with specific primers to isolate the target
gene. A polymerase chain reaction was implemented to amplify DNA encoding the sigH
gene (PCR was conducted by Dr. Lewis). Gene information can be found in table 2.
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Table 2. sigH gene information.

Gene Information
639 kb
Gene ID: PG1595
ECF Sigma Factor
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E. Generation of P. gingivalis Mutant Strains
I. Isolation of ermF-ermAM
The erythromycin gene, 2.1 kb encodes to resistance to erythromycin and in anaerobic
conditions to clindamycin, was used as a selection factor for the mutant strain. It was
isolated from the pVA2198 plasmid (Table 1) where BamHI and EcoRI restriction sites
are present on either side of the erm gene. A restriction digest was prepared with BamHI
and EcoRI (New England Biolabs) at 37°C for 1 hour. A 1% agarose gel was prepared
and the digested DNA fragments were separated on the gel using the gel electrophoresis
apparatus (BioRad). The correct size band was then extracted from th e gel and eluted
using the Qiagen® MinElute Gel Extraction Kit (Catalog Number: 28606).
II. Cloning
The sigH gene was amplified by PCR using P. gingivalis genomic DNA as a template.
The PCR product was then inserted into a pCR®2.1 vector supplied by Invitrogen
(TOPO®TA Cloning® Kit Catalog Number: KNM4500-40), thus creating a pCR®2.1SigH recombinant plasmid. The ligation reaction was done in accordance with the
Invitrogen protocol. The pCR®2.1 vector has two EcoRI restriction sites, useful for
screening of any inserted fragment. These sites were used to digest the recombinant
plasmid to verify insertion of the DNA fragment.
III. Transformation
The recombinant pCR®2.1-sigH plasmid was transformed into One Shot® Top 10 cells
supplied by Invitrogen (Table 1). The ligation mixture was introduced into the chemically
competent cells through a 30 second heat shock at 42°C. The transformation was done in
accordance with the Invitrogen protocol. The prepared transformation mixture was then
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plated on LB agar supplemented with kanamycin (30µg/ml) and allowed to grow at 37°C
overnight. The pCR®2.1 vector includes the genes for kanamycin resistance as well as
ampicillin resistance, which allows for selective growth. DNA was isolated from these
colonies and screened through restriction digestion and gel electrophoresis analysis. The
digestion was done with EcoRI (New England Biolabs).
IV. Generation of PG1595 Mutant:
Cloning and Transformation
The enzyme Nru1 cut the sigH encoding DNA but not the pCR®2.1 vector. The Klenow
treated ermF-ermAM gene isolated from pVA2198 vector (Table 1) was blunt end ligated
into the Nru1 restriction site of sigH. This plasmid, recombinant pCR®2.1-sigH
interrupted with ermF-ermAM, was transformed into One Shot® Top 10 cells
(Invitrogen). The transformation was done in accordance with the Invitrogen protocol.
The transformation mix was then plated on LB agar with erythromycin (300 µg/ml) and
allowed to grow at 37°C overnight. Plasmid DNA was purified (Invitrogen) from
resulting colonies and screened through restriction digestion with enzyme EcoRI
following gel electrophoresis analysis on 1% agarose gel.
Once verified, plasmid DNA was electoporated (BioRad®) into P. gingivalis
electrocompetent cells (harvested from P. ginivalis cells in the lab; Lewis and Macrina
1999). These cells were then grown on BHI agar plates supplemented with clindamycin
in anaerobic conditions at 37°C for 7 days. The colonies grown in anaerobic conditions
were screened through PCR amplification using the same primers used to amplify the
gene from the P. gingivalis DNA template. The PCR product was then separated on a 1%
agarose gel.
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F. Growth Study
P. gingivalis W83 strain and SigH deficient strain were prepared from inoculation of cells
derived from colonies grown on TSA II blood agar plates. The colonies were inoculated
into 5 mL of BHI media (see Media and Growth Conditions for P. gingivalis for details).
The cultures prepared were kept at 37°C at two different atmospheric conditions: (1) 10%
H2, 10% CO2 and 80% N2 and (2) 7.2% H2, 7.2% CO2, 79.7% N2, and 6% O2. The optical
density at 660 nm was measured at three different intervals: 5, 9 and 16 hours.
G. Disc Diffusion Assay
200 µl of P. gingivalis W83 wild-type and mutant strains were spread on both BHI and
TSA II 5% sheep blood agar plates. After plates were allowed to dry, five sterile discs
(Whatman® Catalog Number: 1003323; 1/4 inch in diameter) were prepared for each
plate. The control disc was located in the center of the plate and the other four discs were
placed around the center. 8 µl of dH20 was pipetted on the control disc, and the following
four discs were saturated with 8 µl of 1%, 3%, 5% and 15% hydrogen peroxide (30%
Solution Catalog Number: VW3742-1) respectively. Bacteria were allowed to grow for
seven days in anaerobic conditions at 37°C until a zone of inhibition was visible. The
radius of this zone was measured in millimeters (Hoefer Scientific Instruments).
H. Microarray
I. Preparation of bacterial cells
The strains for both P. gingivalis W83 and SigH deficient mutant were cultured as
mentioned in the previous sections in two different atmospheric conditions: (1) 7.2% H2,
7.2% CO2, 79.7% N2, and 6% O2 (2) 10% H2, 10% CO2, 80% N2 at 37°C. The cultures
were harvested when an optical density at 660 nm was 0.5-0.8 (as measured with a
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spectrophotometer DU® 640). The culture was aliquoted into 15 ml tubes and centrifuged
at 8,000 rpm for 15 min at 4°C. The supernatant was removed and the pellet was saved at
-80°C.
II. RNA Isolation
RNA was prepared using the Qiagen® RNeasy Mini Columns Kit (Valencia, CA
Catalog Number: 74104). The isolation was done according to the Qiagen® protocol with
some modifications. After the addition of 2 mL of RLT buffer, the mixture was
transferred to FastPrep®-24 tubes (MP Biomedicals Lot. 6911-500-119847). 500 µl of
Acid phenol:chloroform was added to the tubes. Cells were lysed with a FastPrepTM
FP120 BIO 101 ThermoSavant, at speed 6 for 45 seconds. The remaining purification
steps were completed according to the Qiagen® protocol. The concentration of RNA was
measured using NanoDrop spectrophotometer ND-1000.
III. cDNA Generation
10 µg of total RNA was resuspended in 12.0 µl of dH2O RNase Free Water
(Qiagen®). 3 µl of Random Primers (Stratagene® FairPlay® III Microarray Labeling Kit)
was added and incubated at 70°C for 10 minutes. A cocktail of 2.4 µl of 10x Affinity
Script RT Buffer, 1 µl of 20x dNTP mix, 1.5 µl of 0.1M DTT, .5 µl of RNase Block (40
U/µl), 2 µl of Affinity Script HC/RT and 2 µl of Superscript III Reverse Transcriptase
was prepared (Stratagene® FairPlay® III Microarray Labeling Kit) and added to the RNA
mixture. The reaction was incubated overnight at 42°C. The reaction was stopped with 10
µl of 1N NaOH and incubated at 70°C for 10 minutes. Samples were neutralized with 10
µl of 1M HCl. cDNA was purified according the Qiagen® PCR Purification Kit protocol
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except NaHCO3 was used during the elution step and a phosphate wash buffer was used
during the second wash.
IV. cDNA Labeling
Samples were labeled with 5 µl of Cy-3 or Cy-5 dye (GE Healthcare Lot: 366152)
and allowed to stand for 1.5 hours at room temperature in the dark. To stop the reaction, 5
µl of 4M hydroxylamine was added and left at room temperature (in the dark) for 15
minutes. Samples were purified using the Qiagen® PCR Purification Kit protocol and
spun in a SpeedVac centrifuge (SpeedVac Concentrator Savant DNA120) for 15-25
minutes until a pellet was formed.
V. Microarray Hybridization
P. gingivalis microarray slides (The Institute for Genomic Research; version 1)
were incubated with a pre-hybridization buffer for 2 hours at 42°C. 50 ml of prehybridization buffer was filtered and prepared for every 5 slides: 12.5 ml of 20x SSC
(UltrapureTM Invitrogen® Catalog Number: 15557-036), 500 µl of 10% SDS (GIBCO
Invitrogen® Lot. 561591), .5 g of BSA powder (Fisher Biotech; Fair Lawn, NJ) and 37
ml of dH2O.
The hybridized cDNA pellet was resuspended in 80 µl of hybridization buffer:
400µl formamide, 250 µl 20x SSC, 10 µl 10% SDS, 1 µl .1M DTT, 339 dH2O and 60 µl
of Salmon Sperm DNA (Ambion® Catalog Number: AM9680); and heated at 95°C for 5
minutes. The cDNA was vortexed and heated a second time. 75 µl of the sample was
loaded onto washed microarray slides. Slides were incubated overnight at 42°C. After
incubation, the slides were washed again and coated with DyeSaver2 (Genisphere Inc.;
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Hatfield, PA) to protect from light. Please refer to table 3 for pre- and post-hybridization
wash protocol and buffer information.
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Table 3. Wash buffer preparation and protocol for microarray slides..
Pre-Hybridization Wash

Wash I

100 ml SSC
20 ml SDS
880 ml dH2O

Wash II

100 ml SSC
900 ml dH2O

Wash III

10 ml SSC
25 µl 1M DTT
990 ml dH2O

Post-Hybridization Wash
Wash slides
with 500 ml at
a time of preheated Wash I
buffer (55°C) to
slides and
shake for 20
minutes
Wash slides
with 500 ml at
a time of preheated Wash II
buffer (55°C) to
slides and
shake for 10
minutes
Wash slides
with 500 ml at
a time of preheated Wash III
buffer (55°C) to
slides and
shake for 5
minutes
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Wash I

100 ml SSC
20 ml SDS
25 µl 1M DTT
880 ml dH2O

Wash II

100 ml SSC
25µ 1M DTT
900 ml dH2O

Wash III

10 ml SSC
990 ml dH2O

I. Microarray Analysis
Axon 4200A microarray scanner was used to detect hybridized cDNA. Triplicates
were used for each culture prepared in different atmospheric conditions. The images were
analyzed and inspected using the GenePix v6.0 software. Significant statistical
differences were analyzed using the Significance Analysis for Oral Pathogen Microarrays
(SAOPMD) tools available at the Bioinformatics Resource for Oral Pathogens (BROP) at
The Forsyth Institute (www.brop.org). This software is based on Linear Models for
Microarray Data (LIMMA) for statistical interface. All repeats within and between arrays
were combined to generate microarray results. The change in mRNA expression is
represented by a ratio of Cy-5 / Cy-3 florescent dye. A value greater than one indicated
an increase in mRNA expression for the strain labeled with Cy-5 and conversely, a value
less than 1 indicates a decrease in expression for the Cy-5 labeled strain. The fluorescent
labeling will be noted along with the microarray results. Genes with a Cy-5 / Cy-3 ratio ≤
0.5 and ≥ 1.5 when comparing bacteria grown aerobically to that grown anaerobically
were considered to have significantly altered mRNA expression.
J. HN4 Adhesion and Invasion Assay
HN4 cells were prepared in DMEM (see media and growth conditions for more
information) and passaged three times. For each passage, 0.125 % trypsin was added for
15 minute at 37°C. Cells were then washed with 1X phosphate buffered saline twice and
centrifuged at 1,000 rpm at 4°C. The pellet was resuspended in 6 ml of DMEM media.
Cells were then counted and loaded in equal amounts of 4x105 cells in COSTAR® wells
with 2 ml DMEM media and left at 37°C overnight. In order to count the cells, 10 µl of
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HN4 cells were mixed with 10 µl of trypan blue dye and loaded onto a hemocytometer
counting chamber.
P. gingivalis cells were prepared as described in the media and growth conditions
section to an OD660 of 1.2 and 1.1 for wild-type W83 and SigH deficient mutant
respectively. 2 ml of each strain was centrifuged at 8,000 rpm at 27°C for 10 minutes.
The pellet was washed with 1X PBS buffer and diluted to an OD660 0.5 with DMEM
media deficient in antibiotics; wild-type W83 was diluted with 13 ml of DMEM and
SigH deficient mutant was diluted with 11 ml of DMEM media.
HN4 cells that were left overnight were then washed with 1X PBS buffer twice and
relocated to anaerobic atmospheric conditions as required for P. gingivalis. The HN4
cells have enough intracellular oxygen to survive in anaerobic conditions for 24 hours.
400 µl of both wild-type W83 and SigH deficient mutant cells that were diluted in
DMEM were added to the HN4 cells at a multiplicity of infection (MOI) of 1:100. The
HN4 cells and P. gingivalis wild-type and mutant strains were then incubated for 30
minutes at 37°C in the anaerobic chamber. Following incubation, the DMEM media was
removed and cells were washed with 1X PBS buffer. 1 ml of BHI media (as described in
media and growth conditions) plus 1% of saponin (Riedel-de Haën 16109) was added to
the wells for 15 minutes at 37°C. Saponin is a detergent used to lyse the HN4 cells and
thus release any bacteria that successfully invaded the cells. Subsequently, 1 ml of BHI
media, without saponin, was added to the wells with a final volume of 2 ml. From this
final mixture, 1:4, 1:10, 1:100 and 1:1000 dilutions were prepared. 200 µl of the 1:100
dilution was plated on TSA II blood agar plates and incubated at 37°C for 7 days. Once
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the bacteria grew, the number of colonies formed on the wild-type W83 and the SigH
deficient mutant blood plates were assessed.
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Figure 6. Illustration of the experimental protocol (abridged) of bacterial adherence and
invasion of HN4 cells.
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RESULTS

A. Bioinformatical analysis of SigH

The amino acid sequence of the SigH protein has several conserved domains similar
to the sigma 70 family sigma factors. NBCI protein blast search reveals the DNA -10 and
-35 promoter binding elements in addition to the RNAP binding, both required for
transcription initiation (see figure 7) and highly conserved in the sigma 70 family of
sigma factors. In addition to these domains, region 4 of the protein is specific to
extracytoplasmic function sigma factors and their ability to activate regulons in response
to specific signals. Thus, the presence of these domains confirmed that SigH is an ECF
sigma factor.
B. Mutant Construction
The sigH gene was amplified with specific primers (Dr. Lewis). Gel electrophoresis
analysis showed a band around 640 bp (data not shown). This amplified gene was then
ligated into a pCR®2.1 vector. The enzyme NruI cut the sigH encoding DNA but not the
pCR®2.1 vector. The Klenow treated ermF-ermAM gene isolated from pVA2198 vector
(Table 1) was blunt end ligated into the NruI restriction site of sigH. This plasmid,
recombinant pCR®2.1-sigH interrupted with ermF-ermAM, was transformed into One
Shot® Top 10 cells (Invitrogen). The transformation was done in accordance with the
Invitrogen protocol. The transformation mix was then plated on LB agar supplemented
with erythromycin (300 µg/ml) and allowed to grow at 37°C overnight. Plasmid DNA
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was purified (Invitrogen) from resulting colonies and screened through restriction
digestion with the enzyme EcoRI following gel electrophoresis analysis on 1% agarose
gel.
Once the colonies were verified, DNA was isolated and electoporated (BioRad®)
into P. gingivalis electrocompetent cells (cells were prepared in the lab He et al. 2006).
These cells were then grown on BHI agar supplemented with clindamycin in anaerobic
conditions at 37°C for 7 days. The colonies grown in anaerobic conditions were screened
using PCR analysis with the same primers used to amplify the gene from the P. gingivalis
DNA template. The PCR products were then separated on a 1% agarose gel. As seen in
figure 8, a band is visible a little smaller than the 3 kb reference line. The sigH gene size
is approximately 640 bp, and was interrupted with the ermF-ermAM erythromycin
resistant gene, 2.1 kb, giving a band size of approximately 2.7 kb as seen in the gel.
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Figure 7. NCBI Protein Blast results indicating DNA and RNAP binding sites conserved
among bacterial sigma factors.
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Sigma-70 region 2
- transcription initiation (aromatic residues at C-term)
- promoter recognition (-10 element)
- RNA polymerase binding determinant
- most conserved region of entire protein

Sigma70, region 4
- promoter recognition (-35 element)
- dissociable subunit
- guides RNAP to promoter site
- This region is present in SFs that activate regulons in response to specific
signals (i.e. ECF SFs)
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Figure 8. Mutant construction; Gel image of SigH interrupted with ermF-ermAM
antibiotic resistant gene
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NruI digest

sigH 640
bp +
2.1 kb
erm
~3kb
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C. Growth Assay
The graphs in figure 9 (panels A-D) below show the growth of wild-type W83
and SigH deficient mutant strains (Table 1) at different intervals, measured at a
wavelength of 660 nm (OD660). The study was done in two different atmospheric
conditions, anaerobic as well as in the presence of 6% oxygen. The wild-type strain did
not grow statistically different in the two atmospheric conditions indicating that P.
gingivalis can indeed grow well in the presence of oxygen (see figure 9; panel C). Similar
observations were made for the SigH mutant in anaerobic conditions, there was no
significant change in cell growth indicating that the SigH sigma factor does not play a
major role in regulating bacterial growth in anaerobic conditions (see figure 9; panel A).
However, in the mutant strain’s growth in the two atmospheric conditions there is a slight
reduction in growth, a difference of approximately 30%, in the presence of 6% oxygen
for the first 16 hours (see figure 9; panel D) indicating the mutant strains increased
sensitivity to oxygen. However, the comparison that illustrates this increase in sensitivity
the best is the SigH-deficient mutant’s growth compared to the wild-type at 6% oxygen.
There was a significant reduction in growth, with 21-40% difference (see figure 9; panel
B). The increased sensitivity to molecular oxygen was evident for the first 16 hours.
These results complement preliminary data correlating SigH up-regulation in the
presence of oxygen in wild-type P. gingivalis. The fact that the mutant strain is able to
recover after 16 hours indicates that SigH is not the only oxygen regulator present;
however it is evident that it does play a role in P. gingivalis growth in the presence of
oxygen.
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Figure 9. Growth Assay in two differing atmospheric conditions. Error bars indicate
mean standard deviations from duplicate samples (n = 2)
Panel A. white asterisk p = 0.017
Panel B. white asterisk p = 0.01; white plus sign p = 0.0147; black asterisk p = 0.0298
Panel C. white asterisk p = .03298; white plus sign p = 0.0468; black asterisk p = 0.0086
Panel D. white asterisk p = 0.0143
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D. Disc Diffusion Assay
Sterile discs saturated with varying concentrations of hydrogen peroxide were
placed on the surface of bacteria-containing BHI plates. Following anaerobic incubation
at 37°C for seven days, the microbial zone of inhibition was measured in millimeters. The
values of this distance were compared between P. gingivalis W83 and the SigH deficient
mutant. As shown in figure 10, in both the wild-type and mutant strains there is a
consistent trend with an increased microbial zone of inhibition as the concentration of
peroxide increases. In addition to this trend, the wild-type strain appears to be more
sensitive to the hydrogen peroxide at all concentrations compared to the mutant strains,
approximately an average increase of 0.8 mm. However, the most significant difference
between the two strains was seen with 15% hydrogen peroxide concentration, 1.9 mm
less in the mutant strain. The results are consistent, albeit less dramatically, in the other
hydrogen peroxide concentrations (see figure 10).
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Figure 10. A comparison of P. gingivalis wild-type strain and SigH deficient mutant
response to hydrogen peroxide.
white asterisk p < .003; black asterisk p < .007; n = 24; error bars indicate mean
standard deviations from triplicate samples, experiment was conducted three times
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E. Microarray Analysis
Preliminary results indicate a change in expression in key enzymes and proteins
required for oxygen regulation, iron storage, electron transport and oxidative stress. In
anaerobic conditions, the mutant strain exhibited an increase in hydrogen peroxide
resistance which was partially due to an up-regulation in alkyl hydroperoxide reductase, F
subunit, with a Cy-5/Cy-3 ratio of 1.9; the mutant was labeled with Cy-5 florescent dye
(Table 6a). Alkyl hydroperoxide reductase, F subunit is an endogenous hydrogen peroxide
scavenger (Yuan, Hillman, and Progulske-Fox 4146-54). In fact another study had similar
results in that the mutant bacterial strain demonstrated an increase in resistance to different
stresses: pH, temperature and H2O2 changes (Yuan, Hillman, and Progulske-Fox 4146-54).
Consistent with the disc diffusion assay, the batC and batE stress protein genes were also
up-regulated, 2.0 and 1.67 mutant:wild-type ratio respectively (Table 6a). Also,
approximately 42% of the genes up-regulated encoded for hypothetical proteins, proteins
with functions yet to be determined (data not shown). Thus, these results indicate that the
SigH sigma factor does not exclusively regulate oxygen-dependent genes, and must also
regulate genes dependent on other environmental cues.
The genes involved in the increase in mutant survival correlated with those
expressed in the SigH deficient strains: dnaK ( Cy-5/Cy-3 ratio of 1.6) and alkyl
hydroperoxide reductase, F subunit (Yuan, Hillman, and Progulske-Fox 4146-54). Another
study also demonstrated an increase in resistance to hydrogen peroxide in mutant strains
deficient in alkyl hydroperoxide reductase C subunit (Mongkolsuk et al. 6845-49), which
was shown to be differentially regulated in mutant strains when exposed to 6%
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atmospheric oxygen (Table 6f). A gene that was up-regulated in the mutant at 6% not seen
in the mutant in anaerobic conditions is the Dps family protein, with an anaerobic:aerobic
ratio of 0.35 (Table 6f). The Dps protein is a known oxygen regulator and thus correlates
with the recovery seen in mutant strain’s growth in the growth assay (figure 9; panel B).
In addition, approximately 40% of the genes up-regulated encoded for hypothetical
proteins (data not shown).
More significantly was the sharp decrease in expression of the following genes:
ferritin, superoxide dismutase and DNA-binding response regulator RprY. Ferritin, as
discussed previously, is an iron-storage protein essential for survival. With a wildtype:mutant ratio of 0.0078 and 0.033 anaerobic and aerobic conditions respectively (Table
6b and 6d respectively), it was the most significantly down-regulated. The gene most
directly related to oxygen regulation, superoxide dismutase, had a significant drop in
expression leaving the cell more vulnerable to oxygen with a wild-type:mutant ratio of
0.042 in anaerobic conditions (Table 6b) and 0.07 in the presence of 6% of oxygen (Table
6d). In addition, RprY expression was markedly decreased with a wild-type:mutant ratio of
0.35 and 0.28 anaerobic and aerobic respectively (Table 6b and 6d). RprY is a known
regulator shown in previous studies to positively regulate the aforementioned genes
(Duran-Pinedo, Nishikawa, and Duncan 1061-74). These genes were not only differentially
down-regulated in the mutant strains, but were further down-regulated when the mutant
strain was exposed to 6% of oxygen. These results unequivocally indicate SigH positive
regulation of oxygen-dependent genes.
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Figure 11. Microarray Slide
Change in gene expression between SigH mutants grown in the presence of 6% and 0% of
oxygen. Mutant strain grown in anaerobic conditions was labeled with Cy-5 while mutant
strain exposed to 6% oxygen was labeled with Cy-3.
Yellow spots indicate no change in gene expression, while red and green indicate a change
in gene expression.
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TABLE 6a. Genes up-regulated in mutant strain compared to wild-type W83 in anaerobic
conditions. Wild-type = Cy-3 labeled Mutant = Cy-5 labeled
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GENE ID1

COMMON NAME

Ratio2
cy5/cy3

Repeats3

P

PG1827

RNA polymerase sigma-70 factor, ECF
subfamily

3.019228

7

0.113167

PG1584

batC protein

2.053058

8

0.000019

PG0619

alkyl hydroperoxide reductase, F subunit

1.929061

5

0.009176

PG1239

3-oxoacyl-(acyl-carrier-protein)
reductase

1.792824

8

0.000000

PG1586

batE protein

1.674950

7

0.002392

PG0193

cationic outer membrane protein OmpH

1.670386

5

0.035805

1

Gene ID according to JCVI (formerly TIGR)
Ratio of cy-5 / cy-3 fluorescently labeled samples
3
Number of spots on the PG slides used for analysis
2
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TABLE 6b. Genes down-regulated in mutant strain compared to wild-type W83 in
anaerobic conditions. Wild-type = Cy-3 labeled Mutant = Cy-5 labeled
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GENE ID4

COMMON NAME

Ratio5
cy5/cy3

Repeats6

P

PG1286

ferritin

0.007844

8

0.000000

PG1545

superoxide dismutase, Fe-Mn

0.042040

8

0.000000

PG1729

thiol peroxidase

0.093635

8

0.000000

PG0275

thioredoxin family protein

0.107253

4

0.001611

PG2024

hemagglutinin protein HagE

0.280226

8

0.000000

PG1837

hemagglutinin protein HagA

0.289857

8

0.001610

PG1844

hemagglutinin protein HagD

0.311815

8

0.000000

PG0010

ATP-dependent Clp protease, ATP-binding
subunit ClpC

0.312614

8

0.000003

PG1043

ferrous iron transport protein B

0.349460

7

0.000365

PG1089

DNA-binding response regulator RprY

0.354785

8

0.000000

PG2125

transcriptional regulator, AraC family

0.385481

6

0.005711

PG0245

universal stress protein family

0.425438

8

0.000013

PG1044

iron dependent repressor, putative

0.440884

3

0.129767

PG1421

ferredoxin, 4Fe-4S

0.460566

8

0.000212

PG0933

translation elongation factor G, putative

0.468038

8

0.000138

PG0093

HlyD family secretion protein

0.484022

8

0.000795

PG2170

sugar transporter

0.486740

8

0.000000

16S rRNA processing protein RimM, putative 0.513445

8

0.069278

PG1365

4

Gene ID according to JCVI (formerly TIGR)
Ratio of cy-5 / cy-3 fluorescently labeled samples
6
Number of spots on the PG slides used for analysis
5
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TABLE 6c. Genes up-regulated in mutant strain compared to wild-type W83 in the
presence of 6% molecular oxygen. Wild-type = Cy-3 labeled Mutant = Cy-5 labeled
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GENE
ID7

COMMON NAME

Ratio8
cy5/cy3

Repeats9

P

PG0619

alkyl hydroperoxide reductase, F
subunit

2.313711

4

0.001228

PG0928

response regulator

1.763495

4

0.006218

PG1208

dnaK protein

1.677069

6

0.308712

PG1584

batC protein

1.565119

6

0.000774

PG1911

DNA-directed RNA polymerase,
alpha subunit
riboflavin biosynthesis protein
RibD
leucyl-tRNA synthetase

1.534361

8

0.003609

1.532965

6

0.140204

1.529045

5

0.017070

PG0155
PG0796
PG1315

peptidyl-prolyl cis-trans isomerase
SlyD, FKBP-type

1.519594

8

0.000010

PG0738

cytidine-deoxycytidylate
deaminase family protein

1.519403

7

0.143999

PG1603

HAM1 protein

1.515475

7

0.009760

PG0437

polysaccharide export protein,
BexD-CtrA-VexA fam

1.514975

8

0.051011

PG1956

4-hydroxybutyrate CoAtransferase

1.510938

8

0.000017

PG1323

PhoH family protein

1.509018

8

0.039454

7

Gene ID according to JCVI (formerly TIGR)
Ratio of cy-5 / cy-3 fluorescently labeled samples
9
Number of spots on the PG slides used for analysis
8
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TABLE 6d. Genes down-regulated in mutant strain compared to wild-type W83 in the
presence of 6% molecular oxygen. Wild-type = Cy-3 labeled Mutant = Cy-5 labeled
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GENE
ID10

COMMON NAME

Ratio11
cy5/cy3

Repeats12

P

PG1286

ferritin

0.032515

8

0

PG1545

superoxide dismutase, Fe-Mn

0.070004

8

0

PG0034

thioredoxin

0.148859

8

0.000002

PG0275

thioredoxin family protein

0.16302

5

0.002946

PG1729

thiol peroxidase

0.175186

5

0.002191

PG1089

0.282512

8

0.000002

PG0890

DNA-binding response regulator
RprY
alkaline phosphatase, putative

0.287934

8

0.00007

PG1134

thioredoxin reductase

0.318247

8

0.000002

PG1044

iron dependent repressor, putative

0.379213

4

0.057749

PG0690

4-hydroxybutyrate CoAtransferase
efflux transporter, MFP
component, RND family

0.477504

7

0.000071

0.499376

6

0.01981

PG0539

10

Gene ID according to JCVI (formerly TIGR)
Ratio of cy-5 / cy-3 fluorescently labeled samples
12
Number of spots on the PG slides used for analysis
11
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TABLE 6e. Genes up-regulated in wild-type W83 strain exposed to 6% oxygen compared
to wild-type in anaerobic conditions. Wild-type (anaerobic) = Cy-3 labeled Wild-type (6%
oxygen) = Cy-5 labeled
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GENE ID13

COMMON NAME

Ratio14
cy5/cy3

Repeats15

P

PG0619

0.302774

12

0.000001

PG0275

alkyl hydroperoxide reductase, F
subunit
thioredoxin family protein

0.373936

12

0.000000

PG1729

thiol peroxidase

0.389080

12

0.000001

PG1545

superoxide dismutase, Fe-Mn

0.481513

12

0.000000

13

Gene ID according to JCVI (formerly TIGR)
Ratio of cy-5 / cy-3 fluorescently labeled samples
15
Number of spots on the PG slides used for analysis
14
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TABLE 6f. Genes up-regulated SigH-deficient mutant strain exposed to 6% oxygen
compared to the mutant in anaerobic conditions. Mutant (anaerobic) = Cy-5 labeled Mutant
(6% oxygen) = Cy-3 labeled
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GENE ID16

COMMON NAME

Ratio17
cy5/cy3

Repeats18

P

PG0618

alkyl hydroperoxide reductase, C subunit

0.060807

12

0.000000

PG0619

alkyl hydroperoxide reductase, F subunit

0.140366

12

0.000000

PG0090

Dps family protein

0.353881

12

0.000000

PG0045

heat shock protein HtpG

0.465517

12

0.000000

PG1208

dnaK protein

0.473375

12

0.000000

16

Gene ID according to JCVI (formerly TIGR)
Ratio of cy-5 / cy-3 fluorescently labeled samples
18
Number of spots on the PG slides used for analysis
17
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F. HN4 Adhesion and Invasion Assay
HN4 cells were cultured and mixed with either P. gingivalis W83 wild-type or
SigH deficient mutant as discussed in the materials and methods section. Cells were then
spread on TSA II blood agar plates and incubated at 37°C for 7 days. Invasion and
adhesion capabilities were compared between the two strains, with an average of eight
fewer colonies counted per plate in the mutant strains (see figure 12). Growth studies
demonstrate that the SigH deficient strain appears to grow slower than our wild-type and
thus might retard the invasion process.
Host cells produce oxygen radicals which may also play a role in retarding the
invasion process in the SigH-deficient strains. This correlates with our microarray data
down-regulation of genes with antioxidant activity, such as thiol peroxidase with a
mutant:wild-type ratio 0.094 and 0.15 in anaerobic and aerobic conditions respectively.
Thus, SigH-deficient strains result in differential gene expression that can potentially
hamper P. gingivalis virulence.
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Figure 12. Results for HN4 Adhesion and Invasion Assay. Error bars indicate mean
standard deviations from triplicate samples; white asterisk p < 0.04; n = 3
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DISCUSSION
As P. gingivalis is an anaerobic bacterium, survival in the oral cavity requires
intricate gene regulation, especially in the presence of molecular oxygen. The SigH is
believed to be an ECF sigma factor with one of its environmental cues being high oxygen
concentrations. Growth assays indicate that SigH deficiency reduced P. gingivalis growth
in the presence of 6% oxygen. Previous studies have also indicated that the sigH gene is
significantly up-regulated upon exposure of P. gingivalis to oxygen (Dr. Lewis et al.,
unpublished). Thus, the up-regulation of the sigH gene in addition to evidence of oxygendependent gene regulation demonstrates one possible mechanism by which P. gingivalis is
able to survive when exposed to atmospheric oxygen encountered in the oral cavity.
Microarray results indicate a significant down-regulation of superoxide dismutase
in the mutant strain, a key oxygen defense enzyme that breaks down molecular oxygen to
hydrogen peroxide. When the mutant strain was exposed to 6% oxygen, superoxide
dismutase expression was further down-regulated providing strong evidence of positive
regulation by the SigH sigma factor. In addition, iron-storage and transport proteins were
down-regulated, which may hinder other iron-dependent mechanisms required for survival.
Despite these down regulations after about 16 hours in the growth study, the mutant strain
was able to recover to wild-type optical density. These results demonstrate that there must
be a backup recovery mechanism such as up-regulation of the Dps family protein, as seen
in the mutant strains, in addition to other mechanisms yet to be elucidated.
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Despite the obvious relationship between the SigH and oxygen regulation, disc
diffusion assays demonstrated an increased resistance to hydrogen peroxide in the SigHdeficient strain. This increased resistance was unexpected, yet it correlated with the
microarray results for strains grown in anaerobic conditions. DnaK and batC/E stress
proteins and alkyl hydroperoxide reductase F subunit mRNA up-regulation in the mutant
strain, perhaps as a response to SigH-deficiency, resulted in the increased resistance to
H2O2. These results indicate that the P. gingivalis response to reactive oxygen species,
oxygen and hydrogen peroxide is not mediated by the same regulator.
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CONCLUSIONS AND FUTURE STUDIES
SigH regulation of oxygen-dependent genes plays a key role in P. gingivalis
aerotolerance. Prior to infection, P. gingivalis must survive oxygen exposure in the oral
cavity. Thus, the clinical importance of this research is targeting oxygen regulatory
mechanisms in hopes to prevent invasion of host epithelial cells. Oxygen tolerance and
oxidative stress protection mechanisms are key strengths for P. gingivalis survival. By
narrowing down potential environmental cues for the alternative sigma factor, SigH, P.
gingivalis oxygen regulation can be better understood. Microarray analysis and growth
studies have shown positive regulation of oxygen-dependent genes by the SigH sigma
factor. In the future, different growth assays will be conducted to better grasp the role SigH
plays in oxygen regulation in addition to other stresses.
One of the main genes shown to be positively regulated is superoxide dismutase. It
has not been established whether this regulation is direct or indirect. In addition to oxygen
regulation, superoxide dismutase also plays a role in temperature and pH sensitivity in P.
gingivalis. In light of this, pH and temperature assays will be conducted to determine if
there is any change in mutant resistance and sensitivity to determine if the SigH sigma
factor is also sensitive to other environmental cues.
The HN4 invasion and adhesion experiment was conducted to elucidate if there is
any difference in the SigH deficient strain. By repeating the experiments not only in
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anaerobic conditions but as well in the presence of 6% of oxygen; we can assess any
biological significance and difference in invasion between the mutant and the wild-type.
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